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Hexameric DnaB helicases are often loaded at DNA
replication forks by interacting with the initiator
protein DnaA and/or a helicase loader (DnaC in
Escherichia coli). These loaders are not universally
required, and DnaB from Helicobacter pylori was
found to bypass DnaC when expressed in E. coli
cells. The crystal structure of Helicobacter pylori
DnaB C-terminal domain (HpDnaB-CTD) reveals
a large two-helix insertion (named HPI) in the
ATPase domain that protrudes away from the RecA
fold. Biophysical characterization and electron
microscopy (EM) analysis of the full-length protein
show that HpDnaB forms head-to-head double hex-
amers remarkably similar to helicases found in some
eukaryotes, archaea, and viruses. The docking of the
HpDnaB-CTD structure into EM reconstruction of
HpDnaB provides a model that shows how hexame-
rization of the CTD is facilitated by HPI-HPI interac-
tions. The HpDnaB double-hexamer architecture
supports an alternative strategy to load bacterial hel-
icases onto forks in the absence of helicase loaders.
INTRODUCTION
Replicative helicases are essential enzymes that participate in
genome duplication in all organisms. Homo- or hetero-oligomers
of these helicases are recruited to active replication forks by in-
teracting with the replication initiators and/or loaders. Once
loaded, DNA helicases unwind dsDNA by using ATP hydrolysis
and serve as a platform to target and load other replication
enzymes at the open DNA forks. In bacteria, DnaB (named
DnaC in Gram-positive bacteria, not to be confused with Escher-
ichia coli helicase loader DnaC) is the main replicative helicase
and is arranged as ring-shaped hexamers. These proteins
contain two domains: an N-terminal domain (NTD), and a
C-terminal domain (CTD). The NTD is divided into a globular554 Structure 20, 554–564, March 7, 2012 ª2012 Elsevier Ltd All righsix-helix ‘‘head’’ (N-glob) followed by two helices forming an
a-hairpin (Bailey et al., 2007a). The NTD is structurally and func-
tionally homologous to the helicase-interacting CTD of bacterial
primases (Chintakayala et al., 2007; Oakley et al., 2005; Syson
et al., 2005). In E. coli the NTD of DnaB is dispensable for DNA
binding and ATPase activity but is important for helicase activity
(Biswas and Biswas, 1999a, 1999b). The CTD has a RecA-like
fold typical of the RecA/F subgroup of the additional strand cata-
lytic glutamate (ASCE) superfamily of P loop ATPases (Bailey
et al., 2007a). As all members of the RecA/F group, DnaB
CTDs exhibit five characteristic motifs: H1 (corresponds to
Walker A), H1a and H2 (corresponds to Walker B), and H3 and
H4 (Ilyina et al., 1992). TheNTD andCTD are connected by a flex-
ible linker containing a helix that mediates hexamerization by
binding to a conserved pocket in the CTD of an adjacent subunit
(Bailey et al., 2007a, 2007b).
The ring-shaped hexamers of DnaB are formed by two rings,
one made by the NTDs (NTD-ring) and one by the CTDs (CTD-
ring). Different structural arrangements of these rings have
been observed, illustrating the dynamics of the assembly. Elec-
tronmicroscopy (EM) studies of E. coliDnaB (EcDnaB) and of the
DnaC-like protein G40P from Bacillus subtilis SSP1 bacterio-
phage indicated that hexamers can have either a 6-fold
rotational symmetry (C6), 3-fold rotational symmetry (C3), or an
intermediate state (C3C6) (Nu´n˜ez-Ramı´rez et al., 2006; Yang
et al., 2002). Crystal structures of hexameric DnaBs have been
described for G40P, Geobacillus stearothermophilus (GsDnaB),
and G. kaustophilus (GkDnaB) (Bailey et al., 2007b; Lo et al.,
2009; Wang et al., 2008). In these structures, DnaB adopts
a similar organization where DnaB subunits display two different
conformations, which differ in the position of the NTD relative to
the CTD. cis and trans subunits assemble in alternating arrange-
ment where the NTD-ring can be described as a trimer of dimers
(C3), whereas the CTD-ring has a 6- or near 6-fold symmetry
(Bailey et al., 2007a; Lo et al., 2009; Wang et al., 2008). Atomic
force microscopy and crystallographic studies have shown
that a DnaB hexamer can accommodate up to three DnaGmoie-
ties that bind at the NTD dimer interface (Bailey et al., 2007b;
Thirlway et al., 2004). DnaBs are thought to bind DNA via both
the CTD and the NTD with one strand threaded within the ring
and the other passing outside. Based on the structure of thets reserved
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Structure of Helicobacter pylori DnaBT7 GP4 helicase, four DNA binding motifs were identified in the
CTD: H4, loop I, II and III with loops I and II, and H4 structurally
conserved in the RecA/F family (Singleton et al., 2000). However,
the structure of GkDnaB in complex with a single-stranded
(dT15) oligonucleotide showed that ssDNA bound primarily to
the NTD and to two arginines from the loop I of the CTD (Lo
et al., 2009).
To accomplish their functions during replication, DnaB hexam-
ers must be loaded in the correct orientation at each replication
fork, i.e., with the CTD-ring facing the dsDNA, whereas ssDNA is
passing through the hexameric channel. In some (but not all)
Gram-negative bacteria such as E. coli, DnaB recruitment
requires helicase loaders such as DnaC (Davey and O’Donnell,
2003). In these bacteria two DnaB hexamers are loaded as
DnaB6DnaC6 complexes at active replication forks formed by
the origin of replication oriC and multimers of the DNA initiator
protein DnaA (reviewed in Katayama et al., 2010). OneDnaB hex-
amer can be loaded on ssDNA via interaction with the NTD of
DnaA (Seitz et al., 2000; Sutton et al., 1998). The other hexamer
might be loaded in the opposite direction by interaction with
DnaC, acting as a molecular adaptor by simultaneously interact-
ing with the ATP-bound DnaA, as suggested for Aquifex aeolicus
(Mott et al., 2008). However, no interaction has been detected
between E. coli DnaA and DnaC (Keyamura et al., 2009;
Schaeffer et al., 2005). Instead, DnaC was proposed to bind
and to open up the helicase ring, which is then loaded onto the
DNA via an interaction with DnaA (Ozaki and Katayama, 2011).
In the Gram-positive B. subtilis, three different proteins, DnaD,
DnaB, and DnaI, are required to load the replicative helicase at
oriC. DnaI is the helicase loader and is a sequence homolog of
DnaC (Ioannou et al., 2006). DnaD (not to be confused with the
EcDnaB helicase) and DnaB assemble onto the replication origin
for DnaI to load the helicase DnaC (Smits et al., 2010; Velten
et al., 2003).
Although helicase loaders have been identified in E. coli and in
B. subtilis, they are absent in most bacterial species. For
instance unlike the EcDnaB helicase, the closely related DnaB
from Pseudomonas aeruginosa could be delivered and activated
at an origin of replication in the absence of DnaC (Caspi et al.,
2001). As those of most bacteria, the genome of the human path-
ogen Helicobacter pylori does not encode for a DnaC homolog
(reviewed in Nitharwal et al., 2011). Genetic complementation
experiments have shown that H. pylori DnaB (HpDnaB) can
complement E. coli strain J58, a conditional lethal mutant for
the EcDnaB allele. More intriguingly, it is also able to comple-
ment two different E. coli dnaCts mutants when expressed in
trans, suggesting that the protein is able to bypass DnaC in these
cells (Soni et al., 2005). In contrast to other DnaBs, the N-glob of
HpDnaB is dispensable for helicase activity in vitro, and the cor-
responding mutated hpdnaB is able to complement an E. coli
dnaBts strain in vivo (Nitharwal et al., 2007). To better understand
the properties of HpDnaB, we have solved the structure of its
CTD (HpDnaB-CTD) at 2.5 A˚ resolution. The structure exhibits
a conserved fold but also a unique insertion that adopts
a helix-turn-helix motif that protrudes away from the core
domain. Biophysical characterization of HpDnaB in solution
unexpectedly revealed that the protein forms assemblies larger
than hexamers. EM analysis and single-particle reconstruction
demonstrated that HpDnaB forms head-to-head double-hex-Structure 20,amer structures similar to MCM and Mcm2-7 helicases. The
structure of HpDnaB-CTD was fitted into the 23 A˚ resolution
EM density map, which revealed an organization different from
those observed previously in DnaB crystal structures (Kashav
et al., 2009). To our knowledge, our work describes the first
example of a dodecameric bacterial helicase, which may explain
the peculiar properties of the DnaB helicase of H. pylori and also
suggests an alternative mechanism for loading replicative heli-
cases in the absence of helicase loaders.
RESULTS
Crystal Structure of HpDnaB-CTD
The crystal structure of a C-terminal fragment of HpDnaB, corre-
sponding to residues 151–488, was solved by the single-wave-
length anomalous dispersion method using Se-Met substituted
protein. HpDnaB-CTD crystallized in the space group P21212
with two molecules per asymmetric unit (AU) (Table 1). Chain A
consists of residues 151–473 and chain B of residues 151–317
and 330–468. Refinement statistics are shown in Table 1. As
expected, HpDnaB-CTD adopts a RecA-like fold (Story et al.,
1992), consisting of a bent, predominantly parallel b sheet
flanked by a helices similar to other DnaB helicases (Figure 1B).
Part of the linker region (residues 151–175) is attached to the
CTD via a flexible loop and contains the so-called linker helix
(Figures 1A and 1B; see Figure S1 available online).
The five motifs defining the DnaB family of helicases (Ilyina
et al., 1992) (H1, H1a, H2, H3, and H4) are present in the
HpDnaB-CTD crystal structure (Figures 1B and S1). The Walker
A and Walker B motifs (H1 and H2) are conserved, whereas the
DNA binding elements of HpDnaB differ significantly compared
to other DnaB crystal structures. Loop I (residues 314–330)
that binds DNA in the GkDnaB-ssDNA complex (Lo et al.,
2009) adopts a very different conformation than in other DnaBs,
i.e., a short b strand followed by a short helix (Figure 1C). The
neighboring loop (residues 371–382, Figure 1C) designated as
the H4 motif shows a b-hairpin conformation similar to the T7
GP4 helicase (Singleton et al., 2000) but different from other
DnaBs (Figure 1C). The most remarkable feature of HpDnaB is
that the unique insertion of 34 residues in the ATPase domain
forms a helix-turn-helix motif (named hereafter HPI for Helico-
bacter pylori insertion) that protrudes away from the core
ATPase domain (Figure 1B). This feature replaces loop III, which
was proposed to bind DNA in the T7 GP4 helicase (Singleton
et al., 2000). The two helices of the HPI are heavily charged
with ten positively charged and nine negatively charged residues
(Figures 1D and S1). These residues are evenly distributed in the
protein sequence, but not in the helices. One side of the HPI is
clearly negatively charged, whereas the other one is positively
charged, in particular near the core of the CTD, and forms a large
positive patch together with the nucleotide binding pocket and
loop I (Figure 1D). A search for homologous structures in the
protein database (DALI) retrieved a wealth of protein structures,
many of which are involved in DNA replication. A particularly
significant hit was the C-terminal helical hairpin of B. subtilis
UvrB, which is believed to be responsible for protein-protein
interactions and dimerization (Waters et al., 2006).
The AU contains a HpDnaB-CTD dimer formed by interactions
between the b sheet, the HPI and the linker helix, with a buried554–564, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 555
Table 1. Data Collection Statistics
Native Crystal
Selenomethionine
Derivative
Space group P21212 P21212
Cell parameters,
a, b, c (A˚)
100.9,
102.2, 85.1
102.1, 102.1, 85.9
Resolution range (A˚) 45.6–2.5
(2.64–2.50)
43.9–2.8 (2.95–2.80)
Rmerge 0.059 (0.586)
a 0.064 (0.340)
Rano 0.078 (0.219)
Number of observed
reflections
150,742
(22,036)
116,868 (15,063)
Number of unique
reflections
30,696 (4,447) 22,621 (3,134)
Mean (I/s(I)) 16.2 (2.5) 15.5 (3.7)
Completeness (%) 99.0 (99.8) 99.4 (96.2)
Multiplicity 4.9 (5.0) 5.2 (4.8)
Phasing Statistics
Number of sites 20
Phasing power 1.8 (2.6 at 4 A˚)
FOM 0.37 (0.5 at 4 A˚)
FOMdm (53% solvent) 0.85
Refinement Statistics
Resolution range for
refinement (A˚)
40.2–2.5
Number of unique
reflections in refinement
30,672
Working set 29,125
Test set 1,547
Completeness (%) 98.6
R factor (%) 21.7
Free R factor (%) 25.1
Weighted rmsds from
ideal values
Bond length (A˚) 0.005
Angles () 0.875
B wilson (A˚2) 57.4
Average B factor (A˚2) 83.3
Main chain/side chain
plus waters
82.3/84.4
aValues in parentheses refer to the indicated resolution shell.
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Structure of Helicobacter pylori DnaBsurface of 1,820 A˚2 (Figure S2). No hexameric arrangement could
be distinguished. This dimer does not seem to be biologically
relevant because the two molecules interact predominantly via
the HPI in a head-to-head manner (Figure S2). In solution,
HpDnaB-CTD does not form hexamers but is predominantly
a tetramer with lower molecular weight (MW) complexes also
observed (see below). However, the linker helix inserts into the
hexamerization pocket of a symmetry-related CTD (Figure S1),
as previously found in the crystal structure of Thermophilus
aquaticus DnaB (Bailey et al., 2007a). The orientation of the
HpDnaB-CTD is completely different from the ones described
in hexameric DnaB structures, but the binding mechanism is
very similar (Figure 1E). This suggests that the helix-mediated
hexamerization found in DnaBs and other helicases is most likely
conserved in HpDnaB.
Oligomeric State of HpDnaB and 3D
Reconstruction by EM
To gain insight into the structure of full-length HpDnaB, we first
examined the oligomeric state of the protein by size exclusion
chromatography (SEC) coupled to multi-angle laser light scat-
tering (MALLS; Figure 2A). HpDnaB elutes as a single peak
as described previously (Soni et al., 2003), but unexpectedly,
SEC-MALLS revealed that HpDnaB has a molecular mass of
680 kDa, which is much larger than that expected for the hex-
amer (340 kDa). The size of the assembly corresponds to
a dodecamer (theoretical mass of 684 kDa), and no significant
variation was observed when nucleotides (ADP, ATP, or the
nonhydrolysable ATP analog AMP-PNP) were added to the
protein and when the SEC buffers were changed (Figure 2A).
In contrast, HpDnaB-CTD forms various oligomers predomi-
nantly tetramers but also lower MW assemblies (Figure 2B).
In solution the protein showed an ATPase activity of 0.069
and 0.279 mM ATP/s in the presence of 50-mer ssDNA.
Although lower, these rates are in agreement with rates
observed in an independent study (Nitharwal et al., 2007)
(Table S1). In the presence of the long ssM13mp18 DNA,
HpDnaB activity did not increase, suggesting that long ssDNA
had little effect on its activity. HpDnaB-CTD has no ATPase
activity (Table S1).
HpDnaB was imaged by negative-stain EM (Figure 3A), and
approximately 35,000 individual particle frames were selected
for image analysis (see Supplemental Experimental Procedures
for details). The eigenimages of the centered rotationally
unaligned particles were used as an indicator of the data set
symmetry, and strongly suggested the presence of a C6 on the
top views and a 2-fold rotational symmetry on the side views
(Figure 3B). No evidence for a C3 could be found from the eige-
nimages, even if a careful visual inspection showed a minor
amount of apparently 3-fold symmetric rings (Figure 3A, upper
row, compare the left 6-fold symmetric and second from the
left 3-fold symmetric class averages). Remarkably, in addition
to top views of a single hexameric ring, many class averages
could be unambiguously identified as side views and interme-
diate views of a double ring (Figure 3A, lower row), strikingly
similar to those observed in EM studies of double-ring replicative
helicases such as Methanobacterium thermoautotrophicum
MCM (MtMCM) (Costa et al., 2006b) and the yeast Mcm2-7
helicases (Evrin et al., 2009; Remus et al., 2009). These large556 Structure 20, 554–564, March 7, 2012 ª2012 Elsevier Ltd All righparticles correspond in fact to two hexamers stacked together
(Figures 3A and 3B).
Despite quantitative variations between purification fractions,
both hexameric and double-hexameric views were systemati-
cally observed in all preparations, suggesting that HpDnaB
dodecamers can dissociate during sample preparation for EM
analysis. Thus, we considered a mixed population of single rings
(as previously observed by Nitharwal et al., 2007) and double
rings of DnaB, and processed the data up to 3D reconstructions
of these two assemblies (Figure S3; Supplemental Experimental
Procedures). The 21 A˚ resolution reconstruction of the single
hexamer was practically indistinguishable from the individualts reserved
Figure 1. Crystal Structure of HpDnaB-CTD
(A) Schematic representation of the domain organization of HpDnaB. The NTD is composed of a globular domain (N-glob) followed by a helical hairpin. The CTD
contains the ATPase domain in which the HPI is inserted. The linker region contains the helix that mediates the hexamerization of the helicase. HpDnaB amino
acid numbers are indicated at the domain boundaries. An arrow with a dashed line indicates the region of HpDnaB that was crystallized in our study.
(B) Crystal structure of HpDnaB-CTD displayed as ribbon and cylinders. The HPI replaces loop III in other DnaBs and is colored blue. Motifs characteristic of the
RecA/F family are indicated: H1 or Walker A is colored in red, H1a in yellow, H2 or Walker B in green, and H4 in magenta. The DNA binding loops I and II are also
colored in blue. The motif RARR found in TaqDnaB (Bailey et al., 2007a) is colored in orange.
(C) Close-up view of a superimposition of HpDnaB-CTD (gray) with the GP40 crystal structure (pink). Two major differences (colored in blue in HpDnaB-CTD) can
be noted in the P loop containing the Walker B motif and in the H4 motif.
(D) Surface representation of HpDnaB-CTD and comparison with the Thermophilus aquaticusDnaB-CTD (TaqDnaB) colored according to electrostatic potential.
Positively charged regions are colored blue, whereas negatively charged regions are colored red.
(E) Left view is a cartoon representation of two symmetry-related HpDnaB-CTD monomers showing the insertion of the linker helix (red) into the hexamerization
binding pocket of the neighboring subunit. Right view is a similar representation of aGeobacillus kaustophilus DnaC (GkDnaC) dimer from the crystal structure of
the GkDnaC hexamer.
See also Figure S1.
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Structure of Helicobacter pylori DnaBhexamers in the dodecameric state, which in turn was recon-
structed to 23 A˚ resolution. The HpDnaB hexamer is composed
of two layers that can be readily interpreted as the NTD- and
the CTD-rings (Figures 3C and 3D). As in other double-
hexameric helicases, such as MtMCM, Mcm2-7, or the viral E1
and large T antigen (LTag) helicases, the two hexamers of
HpDnaB interact via their NTD-rings. Compared to these heli-
cases, the HpDnaB double ring is shorter, with a height of about
150 A˚ (Figure 3C).
The hexameric ringwith a diameter of about 130 A˚ and a height
of 70 A˚ can at this resolution be considered to possess 6-fold
symmetry (Figure 3D). The structure is organized around acentral
cavity, which is about 55 A˚ wide in the middle of the CTD-ring
and the NTD-ring, but tightens up to approximately 35 A˚ at theStructure 20,distal end of the CTD-ring partly occluded by a collar. This hex-
americ organization is reminiscent of the EM structure of
EcDnaB but different from the crystal structures of DnaBs (Fig-
ure 3D). Both the CTD- and NTD-rings exhibit a rotational 6-fold
symmetry. In DnaB crystal structures the CTD-ring showed a
C6 or slightly modified symmetry, whereas the NTD-ring had a
clear C3 symmetry (Figure 3D). Although a C6 hexamer appears
to best fit the HpDnaB single-particle data for both single and
double hexamers (see Supplemental Experimental Procedures),
we cannot rule out that a mixed C3C6 state (as seen in the crystal
structures of DnaBs) is present. This uncertainty is due to both
the resolution of the data and to the fact that the NTDs, which
would be the region likely to adopt a trimer-of-dimers state,
have less scattering mass than the CTDs, which are almost554–564, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 557
Figure 2. HpDnaB Oligomerization
(A) Chromatograms obtained from SEC-MALLS measurements with HpDnaB (black), HpDnaB with ATP (red), ADP (green), or AMP-PNP (blue) in SEC buffer for
HpDnaB (20 mM Tris [pH 8], 200 mM sodium chloride, and 5% glycerol) and supplemented with 5 mMMgCl2 and the corresponding nucleotide. Molar mass (Da)
points obtained are indicated above the curves for the first peak and below for the second. The first peak corresponds to HpDnaB aggregation (heterogeneous
peak containing very high MW assemblies), whereas the second peak has a mass of around 680 kDa, corresponding to HpDnaB dodecamers.
(B) Comparison of the chromatograms obtained with HpDnaB (red curve) and HpDnaB-CTD (blue curve) with the calculated molar masses from MALLS.
HpDnaB-CTD is around 38 kDa. The molar mass calculated by MALLS is 134 kDa. Thus, the calculated mass is closer to a tetramer of HpDnaB-CTD (152 kDa).
See also Figure S2 and Table S1.
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Structure of Helicobacter pylori DnaBcertainly in a C6-like state. Given that all NTD structures, which
comprise both the helical hairpin and globular domain, form
dimers through the a-helical hairpins, these contacts may well
be preserved in HpDnaB.
In our EM reconstructions the CTD-ring of HpDnaB has a
6-fold symmetry with a propeller shape in which each ATPase
domain is clearly distinguishable, separated by a crevasse of
around 10 A˚. These large side openings have been previously
observed in structures of EcDnaB (Yang et al., 2002), LTag (Li
et al., 2003), and MtMCM (Go´mez-Llorente et al., 2005) (Fig-
ure 3D). The CTD-ring does not make extensive contacts with
the NTD-ring, suggesting that the CTDs could undergo
concerted conformational changes during DnaB activity. On
the top of the CTD-ring, a triangular-shaped density protrudes
from each subunit and forms a collar that closes the hexamer
into a 35 A˚ wide hole, which is smaller than in DnaB crystal struc-
tures and EcDnaB EM studies (Figure 3D). This unusual feature is
reminiscent of the cap found in the MtMCM EM reconstruction
(Bae et al., 2009).
A Model of the HpDnaB Double Hexamer
A model for the hexameric HpDnaB-CTD was then constructed
by docking the crystal structure into the EM map using
Chimera (Pettersen et al., 2004) and VEDA (http://mem.ibs.fr/
VEDA), the new graphic version of URO (Navaza et al., 2002)
(Figure 4). The HpDnaB-CTDs fit remarkably well within the
density (Figure 4A). Parts of the crystal structure penetrate the
density, suggesting that structural rearrangements occur upon
hexamerization, in particular for the DNA binding loop I and
the HPI.
In this model the HPIs of adjacent subunits are located at the
collar, at the top of the CTD-ring (Figure 4A). Although the two
helices of the HPI are positioned to interact with each other,
they are too distant to do so in the present model (Figure 4A).
Because part of the HPI does not fit completely into the EM558 Structure 20, 554–564, March 7, 2012 ª2012 Elsevier Ltd All righdensity, the conformation of HPIs is likely different in the
context of the hexamer than in the crystal structure. Indeed,
the conformation of the HPI in the HpDnaB-CTD crystal
structure is considerably constrained by the crystal packing
because the HPI mediates the dimer formation in the AU (Fig-
ure S2). This is also supported by normal mode analysis of
HpDnaB-CTD that indicated that the HPI is highly flexible and
could undergo large conformational changes (Figure S5;
Supplemental Experimental Procedures). These observations
strongly suggest that the collar is formed by HPI-HPI interac-
tions, which largely contribute to the stability of the CTD-ring
assembly. Accordingly, mutagenesis and biochemical studies
showed that when the HPI is deleted, HpDnaB does not form
oligomers and displays no ATPase or helicase activity (Nithar-
wal et al., 2007).
Compared with hexameric DnaB crystal structures, each
HpDnaB-CTD undergoes a rotation of around 30 (Figures 4B
and 4C). The HPIs form a continuum of DNA binding motifs
with loops I and II in the inner channel of the hexamer. The charge
is more pronounced on one side of each subunit and provides
a large positive area all along the central channel, starting from
the collar to the base of the RecA fold. Interestingly, the H4 motif
lies at the interface between two subunits and is solvent acces-
sible. This contrasts with the previous structures of DnaBs where
H4 is mostly buried between two subunits and is only accessible
from inside the ring (Figure 4D). It should be noted that a separa-
tion between DnaB CTDs is seen between some subunits in the
crystal structures of GsDnaB (Bailey et al., 2007b). In HpDnaB
the side channels are large and provide access from the outer
side of the ring to the H4 motif and the DNA binding loops I
and II (Figure 4D).
We then attempted to dock the NTD of HpDnaB (HpDnaB-
NTD) into the EM map to obtain a complete model. The crystal
structure ofHpDnaB-NTD (residues 1–122) consists of aN-termi-
nal globular domain (N-glob) followed by a long a helix formingts reserved
Figure 3. EM Reconstruction of HpDnaB Double Hexamers
(A) EM image of HpDnaB and five representative classes of particles corresponding to hexamers (top panels) and dodecamers (bottom panels).
(B) First eigenimages of the rotationally unaligned HpDnaB data set.
(C) EM density envelope from the reconstruction of HpDnaB double hexamer (gray) and comparison with Mcm2-7 (blue) and MtMCM (yellow) reconstructions.
(D) Comparison of HpDnaB EM hexamer (gray) with EcDnaB EM reconstruction (blue) in the C6 conformation and the crystal structure of GkDnaC (adjacent
subunits are colored in pink and magenta). Hexamers are displayed in the same orientation: viewed from the side (top), CTD (middle), and NTD (bottom).
See also Figures S3 and S4.
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Structure of Helicobacter pylori DnaBthe first half of the a-hairpin (Sharma et al., 2009) (Figures 1 and
S1). In the crystal structures of hexameric DnaBs, the NTD can
adopt two conformations, a cis or a trans, relative to the CTD
(Figure S6). These two conformations result in a NTD-ring with
a C3 symmetry, a conformation suitable to bind DnaG-CTDs
(Bailey et al., 2007b; Biswas and Tsodikov, 2008; Wang et al.,
2008). However, in our EM reconstructions of HpDnaB dodeca-
mer and hexamer, the NTD-ring had aC6.We generated amono-
mer of HpDnaB (HpDnaB-NTD and HpDnaB-CTD, total of 421
residues out of 488) in cis and trans conformations and fitted
them into the EM map. The best fit was obtained with the
HpDnaB in the cis conformation. The docking of HpDnaB-NTD
was improved using Chimera (Pettersen et al., 2004), and the
positioning of the six subunits was optimized using VEDA (Fig-
ure 4E). The resulting model of the dodecamer consists of two
identical hexamers of HpDnaB with six NTDs in a conformation
similar to the cis conformation (Figures 4E and S6). It should
be noted, however, that when HpDnaB-NTD was fitted indepen-
dently of HpDnaB-CTD, several orientations were obtained, in
particular, the NTD could be rotated 180 about an axis perpen-
dicular to the 6-fold symmetry axis. The resulting position of the
NTD is in fact very similar to the one obtained in the EMmodel of
E. coli DnaB (Yang et al., 2002). Thus, although the density
indicates where the globular domain and the helical hairpin are
likely to reside such as in Figure 4E, a more precise determina-
tion of the NTD position would require a higher-resolution EM
reconstruction.Structure 20,DISCUSSION
DnaBs are essential helicases that are loaded onto active repli-
cation forks. Until our study, to our knowledge, DnaBs were
found exclusively as hexamers in solution. Here, we presented
the crystal structure of the CTD of DnaB from H. pylori and the
architecture of the full-length protein based on EM reconstruc-
tions. Our work clearly establishes that HpDnaB forms stable do-
decamers in solution that are organized as head-to-head double
hexamers. Interestingly, it was proposed earlier that EcDnaB
could form head-to-head double hexamers, a model described
as the DNA twin pump system (Kaplan andO’Donnell, 2004). Do-
decamers of an EcDnaBmutant (D82N) have also been identified
by electrospray ionization mass spectrometry (Watt et al., 2007),
but to our knowledge, no structural study has been reported to
support a dodecameric model for DnaB.
The dodecameric architecture we describe is strikingly similar
to those of some replicative helicases found in viruses (LTag, E1),
archaea (MtMCM), and in yeast (Mcm2-7). Sv40 LTag and E1
assemble from monomers on replication origins to adopt
a double-hexamer state (Schuck and Stenlund, 2005; Valle
et al., 2000). Mcm2-7 and MtMCM have been shown to form
a double hexamer on origin DNA or on short DNA duplexes,
respectively (Costa et al., 2006a; Evrin et al., 2009; Remus
et al., 2009). HpDnaB and these proteins share a similar organi-
zation consisting of a head-to-head double hexamer mediated
by interactions between NTDs. The NTDs of these proteins,554–564, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 559
Figure 4. Hexamer of HpDnaB-CTD
(A) Top (left panel) and side view (right panel) of themodel of HpDnaBCTD-ring with each subunit depicted as a green ribbonwith the HPI colored in blue fitted into
the EM density map (gray).
(B) Comparison of the GkDnaC (left) and HpDnaB (right) CTD-rings represented as ribbon with surface depicted in transparency. The nucleotide binding motifs
are colored in red (H1) and green (H2), and the arginine finger is shown as a magenta sphere. For clarity, HPIs have been removed from HpDnaB subunits.
(C) Structural superimposition of one GkDnaC-CTD and one HpDnaB-CTD in the hexameric rings colored as in (B).
(D) Comparison of HpDnaB andGkDnaCDNA bindingmotifs from two adjacent subunits viewed from the top (upper panel) and the side of the ring (bottom panel).
Gray hexagons indicate the position of the 6-fold symmetry axis.
(E) Left view is the hexameric assembly of the HpDnaB-NTD subunits (green), shown as ribbon, docked into the NTD-ring of the EM map (gray). Right view is
a model of the near full-length dodecameric HpDnaB fit into the EMmap with the CTDs colored in grey with the HPIs in blue and the NTD colored in dark and light
green in alternating subunits.
See also Figures S5 and S6.
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Structure of Helicobacter pylori DnaBhowever, share little sequence/structure similarity, suggesting
that the specific protein-protein contacts responsible for such
assemblies are most likely not conserved. Interestingly, HpDnaB
double hexamers present large side channels in the CTD-ring
that resemble those found in MtMCM and LTag helicases (Bae
et al., 2009; Costa et al., 2006a, 2006b; Go´mez-Llorente et al.,
2005; Li et al., 2003; Pape et al., 2003) and in the EM reconstruc-
tions of EcDnaB and GP40 hexamers in the C6 symmetry560 Structure 20, 554–564, March 7, 2012 ª2012 Elsevier Ltd All righ(Nu´n˜ez-Ramı´rez et al., 2006; Yang et al., 2002). Thus, this archi-
tecture is likely to represent a common functional state of
a subset of replicative helicases. In the case of LTag, it was
proposed that ssDNA could thread through these positively
charged channels (Li et al., 2003).
A particular feature of the HpDnaB structure that we propose
is the mode of oligomerization, which is mediated in part by
a unique insertion (HPI) that forms a helix-turn-helix structurets reserved
Figure 5. Strategies for DNA Replication Initiation in Different Gram-Negative Bacteria
ATP-bound DnaA oligomerization triggers the formation of the replication bubble (Erzberger et al., 2006). In the helicase loader strategy two DnaB hexamers are
loaded by DnaC-DnaA in A. aeolicus (Mott et al., 2008) and DnaB-DnaA interactions using DnaC as a ring opener (E. coli; Keyamura et al., 2009). In H. pylori (and
possibly other bacteria lacking helicase loaders), twin DnaB hexamers with NTD-rings in C6 conformation are loaded onto the replication fork leading to the
opening of the bubble. Interaction between DnaA and the double hexamer might direct the loading of the helicase, but additional factors could also be involved
such as HobA (Natrajan et al., 2009). The double hexamer might also bind simultaneously to the two ssDNAs that could penetrate the ring via the side opening of
the CTDs. Subsequent activation of DnaB’s helicase activity may be achieved by binding of three DnaG molecules to the NTD-ring of a DnaB hexamer, which in
the loader strategy is known to release DnaC (Makowska-Grzyska and Kaguni, 2010) and trigger the change of conformation of the NTD-ring of DnaB from C6 to
C3 (Thirlway et al., 2004), thus opening the NTD-ring and allowing the passage of ssDNA.
Structure
Structure of Helicobacter pylori DnaBinstead of the DNA binding loop III found in RecA/F family of
ATPases. From the reconstruction the HPIs assemble as a collar
and appear to contribute to the stability of the hexamer, although
they are not sufficient for HpDnaB-CTD hexamerization.
Together with DNA binding loops I and II, the HPI forms a contin-
uous positively charged patch that significantly modifies the
charge of the distal part of the CTD-ring and provides an obvious
nucleic acid binding surface. It is noteworthy that the MtMCM
double-hexamer reconstruction showed a similar ‘‘cap’’ in the
presence of DNA that was proposed to consist of the C-terminal
winged helix-turn-helix (wHTH) motif (Costa et al., 2006b).
Further work should aim at identifying the role of the HPI and
loop III in other DnaBs and comparing it to the wHTH domain
of MCMs.
Although replicative helicases share common functions and
structural characteristics, many aspects of their mode of action
vary such as their polarity, their active oligomeric state, or how
they are recruited to DNA replication initiation sites. At these
sites, two replicative helicase hexamersmust be loaded in oppo-
site directions to achieve bidirectional unwinding of dsDNA and
replication fork progression. The viral LTag and E1 helicases
recognize the viral origin of replication, and the active helicase
assembly consists of a double hexamer that initially pumps
DNA at replication forks (Schuck and Stenlund, 2005; Valle
et al., 2000). In archaea and eukaryotes, MCM and Mcm2-7 hel-
icases form stable dodecamers at the origin and are recruited byStructure 20,interaction with initiator proteins Orc1/Cdc6 and ORC, respec-
tively (Costa et al., 2006b; Evrin et al., 2009; Gambus et al.,
2011; Remus et al., 2009). Some MCM proteins might use heli-
case loaders, but not all (Barry and Bell, 2006). These helicase
assemblies are subsequently activated by various regulatory
kinases in order to initiate DNA unwinding, and at present, it is
still unclear whether the double hexamers represent the active
form of such helicases (Katayama et al., 2010; Konieczny,
2003). In the most-studied bacterial system, E. coli, DNA replica-
tion starts with the recognition of origin sequence on the chro-
mosome by the initiator protein DnaA (Figure 5). ATP-bound
DnaA oligomerization triggers the formation of the replication
bubble (Erzberger et al., 2006). In E. coli and B. subtilis, DnaBs
are loaded via a ‘‘loader’’ strategy, but this might not be the
case in most bacteria where helicase loaders have yet to be
identified (Caspi et al., 2001; Ioannou et al., 2006; Konieczny,
2003; Velten et al., 2003). Moreover, the ‘‘loader strategy’’
involves different sets of proteins in different bacteria and may
also involve several mechanisms for a given set of proteins (Key-
amura et al., 2009; Mott et al., 2008; Ozaki and Katayama, 2011;
Velten et al., 2003). How two DnaB hexamers can be loaded onto
the replication forks in the absence of a helicase loader is still an
unanswered question. H. pylori’s genome does not contain
a sequence homolog of DnaC. Intriguingly, HpDnaB could
complement both dnaB or dnaC temperature-sensitive mutants
of E. coli (Soni et al., 2003, 2005), suggesting that HpDnaB is able554–564, March 7, 2012 ª2012 Elsevier Ltd All rights reserved 561
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Structure of Helicobacter pylori DnaBto load onto E. coli replication forks in the absence of DnaC and
function as an active helicase.
The double-hexamer structure of HpDnaB provides a simple,
yet attractive solution for loading simultaneously and in opposite
directions two DnaB hexamers on a replication fork in the
absence of a loader (Figure 5). We speculate that in H. pylori
(and possibly other bacteria lacking helicase loaders), twin
DnaB hexamers with NTD-rings in C6 conformation could be
loaded onto the unwound DNA by integration of ssDNA using
the side openings of the CTD-ring as proposed for LTag. This
step might also be accompanied by the opening of the bubble
(Fang et al., 1999). The loading of the helicase may involve an
interaction between HpDnaB and the HpDnaA/oriC complex,
but additional factors could also play a role. In E. coli, DiaA
was found to prevent the loading of DnaB by interacting with
the N terminus of DnaA (Keyamura et al., 2009). In H. pylori,
HobA is a structural homolog of DiaA (Keyamura et al., 2009;
Natrajan et al., 2007) and forms a HobA4/DnaA4 complex abso-
lutely required for bacterial survival (Natrajan et al., 2009). It is,
therefore, possible that HobA and/or other factors participate
in the targeting of HpDnaB to oriC in H. pylori.
The fate of the double ring is at present unclear, but the sepa-
ration of the two rings could be triggered by the interaction with
the DnaG primase. In both the loader and the no loader strategy
that we propose here, three DnaG subunits would then interact
with the NTD-ring of a DnaB hexamer. In the loader strategy
this would lead to the release of DnaC (Makowska-Grzyska
and Kaguni, 2010) possibly by triggering the change of confor-
mation of DnaB from C6 to C3, the latter being required for
DnaB to form a stable complex with DnaG (Bailey et al.,
2007b; Wang et al., 2008). Such a change in symmetry of
DnaB upon interaction with DnaG has already been observed
by atomic force microscopy (Thirlway et al., 2004). In the
absence of a loader, interactions between DnaB NTDs and
DnaG may disrupt the double hexamer, using a similar C6–C3,
transition and allow each of the hexameric rings to move along
the DNA in opposite directions. Although this speculative model
will need further experimentations, the structure of the HpDnaB
dodecamer will provide a novel framework to investigate the
molecular interplay between replisome proteins and help to
unravel the molecular basis of helicase loading onto replication
forks.
EXPERIMENTAL PROCEDURES
Protein Purification and Crystallization
HpDnaB and HpDnaB-CTD (residues 152–488) were expressed in E. coli BL21
Star (DE3) cells (Invitrogen). HpDnaB and HpDnaB-CTDwere purified on a His-
Trap column (GE Healthcare) and concentrated to 5–10 mg/ml. Proteins were
submitted to SEC (Superdex 200; GE Healthcare) in buffer GF (10mM Tris-HCl
[pH 7.5] and 200 mM NaCl). Selenomethionine-substituted HpDnaB-CTD was
purified as for the HpDnaB-CTD. Native and selenomethionine-substituted
HpDnaB-CTDs were concentrated to 5 mg/ml in buffer GF for crystallization.
Crystals of HpDnaB-CTD and selenomethionine-substituted HpDnaB-CTD
were grown by vapor diffusion at 20C using reservoir solution of 0.1 M citric
acid (pH 5.0) and 2%–10% w/v Polyethylene Glycol 6000.
Data Collection, Structure Determination, and Refinement
Crystals were flash frozen in liquid nitrogen using the mother liquor supple-
mented with 25% glycerol for cryoprotection. Crystals of HpDnaB-CTD
belonged to the space group P21212 with cell dimensions of a = 100.9,562 Structure 20, 554–564, March 7, 2012 ª2012 Elsevier Ltd All righb = 102.2, and c = 85.1 A˚, and diffracted to a resolution of 2.5 A˚. The structure
of HpDnaB-CTD was solved by the SAD method using selenomethionine
derivative data. The position of 20 selenium atoms was determined with
SHELXD (Schneider and Sheldrick, 2002), refined with the program SHARP
(de La Fortelle and Bricogne, 1997), and density modification was performed
using DM (Collaborative Computational Project, Number 4, 1994). The model
was built using Coot (Emsley and Cowtan, 2004), and the refinement
using PHENIX (Adams et al., 2002) converged to yield a model with R and
Rfree factors of 21.7% and 25.1%, respectively, with good geometry
(Table 1). The structure has been deposited in the protein data bank with
coordinates 4A1F. Figures were generated using PyMOL (DeLano, 2002).
The structure-based sequence alignment was generated with ESPript (Gouet
et al., 2003).
SEC-MALLS
SEC combined with MALLS and refractometry (RI) experiments were per-
formed with an analytical Superdex 200 column (GE Healthcare) equilibrated
with a buffer containing 20 mM Tris (pH 8), 200 mM sodium chloride, and
5% glycerol. For experiments performed with nucleotide-bound HpDnaB,
the protein was incubated 30 min on ice in the same buffer containing 5 mM
MgCl2 with 1mMATP, ADP, or AMP-PNP, and the SEC experiments were per-
formed in the corresponding buffer. Online MALLS detection was performed
with a miniDAWN-TREOS detector (Wyatt Technology, Santa Barbara, CA,
USA) using a laser emitting at 690 nm and by refractive index measurement
using an Optilab T-rEX system (Wyatt Technology). Weight-averaged molar
masses (MW) were calculated using the ASTRA software (Wyatt Technology).
ATPase Activity
The rate of ATP hydrolysis by 80 nM HpDnaB in reaction buffer (20 mM Tris
[pH 8], 100 mM KCl, 8 mM DTT, 4% sucrose, 80 mg/ml BSA, and 5 mM
MgCl2) was measured at a concentration of 1 mM ATP and in the presence
and absence of 1 mM single-stranded polydT 18-mer, 50-mer, or the
M13mp18 DNA using pyruvate kinase and lactic dehydrogenase to link the
reaction to the oxidation of NADH, using the previously described spectropho-
tometric method (Panuska and Goldthwait, 1980). The hydrolysis rates pre-
sented in Table S1 correspond to the mean of three independent experiments
performed with each sample.
Negative-Staining EM and Image Analysis
HpDnaB sample from SEC-MALLS (0.1 mg/ml) was applied to the clear side of
carbon on a carbon-mica interface and stained with 2% (w/v) uranyl acetate.
Images were recorded with a JEOL 1200 EX II microscope at 100kV and at
a nominal 40,0003magnification. Negatives were digitized on a Zeiss scanner
(Photoscan TD) to a pixel size of 3.5 A˚ at the specimen level. A total of 35,389
HpDnaB individual particle subframes were iteratively selected, CTF cor-
rected, aligned, and classified. An elaborate sorting protocol enabled division
of the data set into 7,716 frames corresponding to different views of the
double-ring form and 26,859 frames containing views of the single-ring form
that were used for reconstruction. The resolutions of the hexamer and dodeca-
mer reconstructions were assessed to be around 21 and 23 A˚, respectively.
Image-processing details are provided in Supplemental Experimental Proce-
dures. Details of experimental procedures used are given in Supplemental
Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.str.2012.01.020.
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